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ABSTRACT
There i s  experim ental as w e ll as th e o r e t ic a l  evidence fo r  
th e  e x is te n ce  of complexes in  n a tu ra l  w a te rs . I t  i s  h ig h ly  
p o s s ib le  th a t  some of th ese  complex sp e c ie s  p lay  an im portan t 
r o le  in  th e  q u a li ty  o f  w a te r. In  o rd er to  determ ine th e  con­
c e n tr a t io n  and s ig n if ic a n c e  o f complexes in  n a tu ra l  w a te rs ,  
i t  i s  n ecessary  to  have a n a ly t ic a l  m ethods fo r  de term ining  
th e  lig a n d s  as w e ll a s  th e  a c tu a l  complexes. Very l i t t l e  
work had been done p rev io u s ly  on th e  d e te rm in a tio n  o f such 
sp e c ie s .  Because of th e  p rev a len ce  of iro n  and of c i t r a t e  
in  many n a tu ra l  w a te rs  and because o f t h e i r  p o s s ib le  r o le s  in  
th e  phenomenon of th e  Red T id e , c i t r a t e  and i t s  i ro n  ( I I I )  com­
p lex  were chosen fo r  th e  p re se n t stu d y .
A f lu o ro m e tric  method has been developed fo r  th e  d e te r ­
m in a tio n  of c i t r a t e .  The procedure  i s  based on the  conversion  
o f c i t r a t e  in to  ammonium c i t r a z in a te  which e x h ib its  a b lu e  
f lu o re sc e n c e . The in te r fe re n c e  due to  t a r t r a t e  has been e lim i­
n a te d . The method i s  capab le  o f d e te c t in g  c i t r a t e  a t  th e  p a r t s  
p e r b i l l i o n  le v e l .
I t  was found th a t  th e  i r o n ( I I I )  complex o f c i t r a t e  r e a c t s  
w ith  ethylenediam ine to  form a co lo red  p ro d u ct. This r e a c t io n
v i i
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has been used a s  the  b a s is  fo r  a spectro p h o to m etrie  method fo r  
determ ining  th e  i r o n ( I I I )  c i t r a t e  complex. The in te r fe re n c e s  
of i r o n ( I I I )  o x a la te  and i r o n ( I I I )  t a r t r a t e  have been e lim in a te d . 
The method i s  sim ple , r e l i a b l e ,  and r a p id .  B e e r 's  Law i s  obeyed 
in  the  co n c en tra tio n  range o f 0 .3  -  14ytig/ml.
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CHAPTER 1
INTRODUCTION
Water i s  a n ecessa ry  reso u rc e  fo r  man; th u s , th e  p r a c t ic a l  
im portance o f a q u a tic  chem istry  cannot be overlooked. In  re c e n t  
y e a rs  th e  p u b lic  has become in c re a s in g ly  aware of th e  need fo r  
c le a n  w ater and th e  im pact on so c ie ty  o f w ater p o l lu t io n .
The m ajor emphasis in  w ater q u a li ty  c o n tro l has been on 
t re a tm e n t o f w as tes . A lthough th i s  i s  unqu estio n ab ly  im p o rtan t, 
i t  i s  in ad eq u ate  to  so lv e  a l l  w ater p o l lu t io n  problem s. Q uestions 
a bou t methods to  r e s to r e  th e  e c o lo g ic a l  balance between photo­
s y n th e t ic  and r e s p i r a to ry  a c t i v i t y  in  a eu tro p h ic  la k e , methods 
to  improve th e  f e r t i l i t y  of th e  ocean and to  e x p lo i t  i t s  pro­
d u c tio n  of h a rv e s ta b le  fo o d , and methods to  e lim in a te  such c a ta s ­
tro p h es  as th e  Red T ide need to  be answered. Man must develop 
the  a b i l i t y  to  modify and m an ip u late  th e  a q u a tic  environm ent in  
o rd e r  to  improve i t s  q u a li ty .  The problems in  w ater q u a li ty  con­
t r o l  cannot be solved by technology a lo n e ; the  n ecessary  s c ie n t i f i c  
u nders tan d in g  m ust be  developed. "Man m asters  n a tu re  n o t by fo rc e  
b u t  by u n d e rs ta n d in g ."^  I t  i s  hoped th a t  th e  m a te r ia l  in  t h i s  
d i s s e r ta t io n  w i l l  add to  th e  unders tan d in g  of w ater q u a li ty  con­
t r o l  and w i l l  a id  in  th e  abatem ent of the  g lo b a l problem o f w ater 
p o l lu t io n .
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From a n tiq u i ty  man has been concerned w ith  th e  exam ination
of w a te r. In  the  f i r s t  c e n tu ry , A .D ., the  E ld er P lin y  made r e f -
o
erence to  s u l f u r ic ,  a c id ic ,  s a l in e ,  and i ro n -c o n ta in in g  w a te rs .
From th a t  tim e, th e re  has been a g rad u a l e v o lu tio n  of methods 
fo r  w ater a n a ly s is .  The m eta l ions and a few a n io n ic  sp ec ie s  
commonly o ccu rrin g  in  n a tu ra l  w aters  have been known fo r  y e a rs . 
C urren t re se a rch  e f f o r t s  co n tin u e  to  improve th e  techniques 
employed in  a n a ly t ic a l  d e te rm in a tio n s , bu t fo r  many y e a rs  r e l a ­
t iv e ly  l i t t l e  re s e a rc h  was done on th e  a c tu a l  c o n s t i tu e n ts  of 
n a tu ra l  w a te rs .
No one has ever done a r e a l ly  com plete a n a ly s is  o f  a w ater 
sample. Although a l l  c a tio n s  l ik e ly  to  be i n  th e  sample may 
have been re p o r te d , many anions p o t e n t ia l ly  p re s e n t  have been 
overlooked , and alm ost no thought has been g iven  to th e  p a r t i c ­
u l a r  m olecu lar and complex sp e c ie s  t h a t  must be p re s e n t .
P ro cesses  such as  d i s s o lu t io n ,  p r e c ip i t a t i o n ,  o x id a tio n , 
red u c tio n , and com plexation occur in  n a tu re  as w e ll as in  the  
la b o ra to ry . In  o rd er to understand  th e  a n a ly t ic a l  chem istry  o f 
aqueous system s, th ese  in te r a c t io n s  and th e  sp e c ie s  formed during  
such p ro cesses  m ust be  co n sid e red . I t  i s  h ig h ly  p o s s ib le  th a t  
many o f th e  sp e c ie s  which have n o t been p rev io u s ly  rep o r ted  play  
a s ig n i f ic a n t  r o le  in  th e  q u a li ty  of the  w a te r . The re se a rch  
d e scrib ed  in  t h i s  d i s s e r ta t io n  was undertaken  because of an i n te r e s t  
in  complexes o ccu rrin g  in  n a tu ra l  w a te rs .
N a tu ra l ru n o ff  from c i t r u s  g ro v es , g rape v in ey a rd s , and o th er 
a g r ic u l tu r a l  sources as w e ll as decom position and w aste p roducts
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of p la n ts  and anim als supply r iv e r s  and lak e s  w ith  many n a tu r a l ly  
o ccu rrin g  complexing a g en ts  such as c i t r a t e ,  t a r t r a t e ,  o x a la te ,  
fo rm ate , and phosphate . These io n s  cannot c o e x is t in  w ater w ith  
such c a tio n s  as  i ro n ,  aluminum, manganese, copper, and z inc  w ith ­
o u t com plexation tak in g  p la c e . The behav io r of the  complexed 
sp e c ie s  i s  q u i te  d i f f e r e n t  from th a t  of th e  uncomplexed io n s .
Phosphate has r e c e n t ly  rece iv ed  a g re a t  d ea l o f a t t e n tio n  
due to i t s  r o le  in  th e  e u tro p h ic a t io n  of lak e s  and stream s. I t  
i s  known th a t  phosphorus i s  an e s s e n t ia l  elem ent fo r  p la n t  grow th, 
and i t  i s  g e n e ra lly  b e lie v e d  th a t  adding phosphate s tim u la te s  th e  
growth of a lg a e  by p ro v id in g  more o f th e  e s s e n t ia l  elem ent phos­
phorus. Although i t  has n o t been p rev io u s ly  proposed , i t  i s  pos­
s ib l e  t h a t  ano ther mechanism i s  p a r t i a l l y  re sp o n s ib le  f o r  th e  
p r o l i f e r a t i o n  o f growth. Many m eta ls  known to be e s s e n t ia l  t ra c e  
elem ents f o r  l iv in g  organism s cannot be u t i l i z e d  m e ta b o lic a lly  
u n le s s  they a re  in  a complexed form. P hosphates form complexes 
w ith  calc ium , c o b a lt ,  chromium, i ro n ,  magnesium, manganese, n ic k e l ,  
le a d ,  t i n ,  and z in c . Some of th ese  elem ents a re  e s s e n t ia l  in  t ra c e  
amounts fo r  a lg a l  growth. I t  i s  p o s s ib le  th a t  the  phosphate  forms 
complexes w ith  e s s e n t ia l  t r a c e  m e ta ls . The fo rm ation  of complexes 
makes th e  m eta ls  n u t r i t i o n a l l y  a v a ila b le  to the  a lg ae  and thus 
s tim u la te s  growth. Supporting  evidence fo r  t h i s  theory  i s  the  
f a c t  th a t  c i t r a t e ,  used as a rep lacem ent fo r  phosphate in  d e te r ­
g e n ts ,  a lso  causes p r o l i f e r a t i o n  o f a lg a l  growth in  h ig h ly  p o llu te d  
w a te r. Glooshenko and Moore^ have suggested  th a t  th is  s tim u la tio n
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of growth i s  due to  c i t r a t e  form ing c h e la te s  w ith  m eta ls  which 
would be to x ic  to  a lg a e  i f  they  were l e f t  f re e  in  s o lu t io n .  An 
a l t e r n a t e  e x p la n a tio n  i s  th a t  c i t r a t e  makes e s s e n t ia l  t ra c e  e le ­
ments a v a ila b le  to  th e  a lg a e  by forming complexes w ith  th ese  
m e ta ls .
4
M artin  and P ie rc e  have po in ted  out th e  im portance of humic 
ac id  in  th e  fo rm ation  of i ro n  complexes. S tu d ies  inv o lv in g  humic 
a c id  i l l u s t r a t e  th e  s ig n if ic a n c e  of n a tu ra l ly  o ccu rrin g  c h e la tin g  
ag e n ts . Because humic ac id  i s  a g en e ra l c la s s  of compounds, th e  
in d iv id u a l  e n t i t i e s  which a c t  as l ig a n d s  u l tim a te ly  must be i d e n t i ­
f ie d  and th e  m eta l complexes formed must be determ ined .
Many in v e s t ig a to rs  have s tu d ie d  th e  F lo r id a  Red Tide and 
Gymnodinium b re v e , th e  organism  resp o n s ib le  fo r  th e  o ccu rren ce.
I t  i s  known th a t  i ro n  s tim u la te s  th e  growth o f  G. b re v e , bu t in  
o rd er fo r  i t  to  be u t i l i z e d  by th e  organism , th e  iro n  must be in  
a complexed form. Because the  Red Tide occurs a f t e r  p e rio d s  of 
f lo o d in g  o r  heavy r a i n f a l l ,  i t  appears th a t  c i t r i c  ac id  would be 
washed from the c i t r u s  b e l t  to  the  c o a s ta l  w a te rs . In  th e  p resence 
of i ro n ,  a complex would form and make the  i ro n  a v a ila b le  to  G. 
b rev e .
In  o rd e r  to  t e s t  th e  above th e o r ie s ,  i t  i s  n ecessary  to  have 
a n a ly t ic a l  methods fo r  de term ining  b o th  th e  lig a n d s  and th e  com­
p lex  sp e c ie s  p re s e n t  in  w a te rs . Because o f th e  p rev a len ce  o f iro n  
and of c i t r a t e  in  many n a tu ra l  w a te rs  and because of th e i r  p o ss ib le  
r o le s  in  th e  phenomenon o f th e  Red T ide, c i t r a t e  and i t s  i r o n ( I I I )  
complex were chosen fo r  th e  study d e scrib ed  in  th is  d i s s e r ta t io n .
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CHAPTER 2 
THE DETERMINATION OF CITRATE
C itrates and c i t r i c  a c id  are p reva len t in  the natural 
environment. C itr ic  acid  i s  obtained commercially from c itr u s  
f r u it s  and pineapples. Lemon ju ic e  contains 6 to 8% c i t r ic  
ac id . C itra te  i s  an Important co n stitu en t o f  the s o i l s  In 
c itr u s  groves and i s  ev en tu a lly  washed from the s o i l  Into  
surrounding w aters.
C itra tes and c i t r i c  acid  are used in  many in d u str ia l  
p ro cesses . ** C itr ic  acid  i s  included in  many food , beverage, 
and m edicinal preparations and i s  important in  the manufactur­
ing o f m irrors, in  engraving, and in  the dyeing industry . I t  
f in d s wide use as a ru st in h ib ito r . Certain e s te r s  o f c i t r ic  
acid  are used as p la s t ic iz e r s ,  and other c it r a te s  are Important 
in  the b lu eprin t industry . C itra tes  have a lso  gained p u b lic ity  
as b u ild ers in  d e terg en ts .
C itr ic  acid  p lays an Important ro le  in  body metabolism.
I t  i s  one of the components o f  the s e r ie s  o f reaction s gen era lly  
referred to  as  th e Krebs c y c le  or c i t r i c  acid  c y c le , a mechanism 
milch i s  important in  r e sp ir a tio n  in  l iv in g  c e l l s .  C itr ic  acid
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as a common m e ta b o li te  and i s  p re s e n t  in  c e r ta in  body f lu id s .
Blood serum co n ta in s  ab>>ut 25 m g / l i t e r  and about 0 .5  g/day i s  
e x c re ted  in  th e  u r in e .^
As in d ic a te d  by th e  above exam ples, c i t r i c  a c id  is  w idely 
d i s t r ib u t e d .  Aue e t  a l . ^  r e p o r t  t h a t  c i t r i c  ac id  can be 
p re s e n t  a t  f a i r l y  h igh  l e v e l s  in  e f f lu e n ts  from sewage trea tm en t 
p la n t s .  I -  i s  l ik e l y  t h a t  i t  i s  p re s e n t ,  a t  l e a s t  in  low con­
c e n tr a t io n s ,  in  many la k e s  and stream s.
P re se n t  Methods f o r  th e  D eterm ination  o f  C i t r a te
Numerous methods e x is t  f o r  th e  d e te rm in a tio n  of c i t r a t e  and 
c i t r i c  a c id .  Many o f them were o r ig in a l ly  proposed fo r  b io lo g ic a l  
s tu d ie s .  The most w id e ly  used methods a re  th e  pentabrom oacetone 
m ethod, proposed in  1897 by S ta h re ,^  and m o d if ic a tio n s  o f  t h is  
p ro ced u re . Although i t  i s  g e n e ra l ly  overlooked , C a h o u rs^  in  
1847 prepared  a b rom ination  p ro d u ct from se v e ra l  c i t r a t e s  which 
seems to  be i d e n t i c a l  to  pentabrom oacetone; h i s  paper in d ic a te d  
t h a t  he r e a l iz e d  th e  a n a ly t ic a l  a p p l i c a b i l i t y  of th e  r e a c t io n .
The f i r s t  q u a n t i t a t iv e  pentabrom oacetone method was developed In
o f th e  m e t h o d . T i t r i m e t r y ,  g rav im etry , p o laro g rap h y , and 
co lo r im e try  have a l l  been used fo r  th e  f i n a l  d e te rm in a tio n . Al­
though th e  pentabrom oacetone methods a re  q u i te  s e le c t i v e ,  the  
p ro ced u res  a re  la b o r io u s ,  and th e  s e n s i t i v i t i e s  a re  n o t g re a t  
enough f o r  d e te rm in a tio n s  o f t ra c e  q u a n t i t ie s  o f c i t r a t e .
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Other o x id a tio n  methods have been describ ed  b u t they
a ls o  s u ff e r  from la c k  of s e n s i t i v i t y .  A co lo r r e a c t io n  o f c i t r a t e  
w ith  a c e t ic  anhydride and p y r id in e  was u t i l iz e d  by Furth  and H err- 
m a n ,^  and th e i r  method was l a t e r  m odified by S a ffran  and D e n s te d t .^  
T hundberg^ developed a method in vo lv ing  th e  b leach in g  o f m ethylene 
b lu e  by c i t r i c  a c id ; a s im ila r  t e s t  i s  based on th e  b leach ing  e f f e c t  
o f c i t r a t e  on molybdenum b l u e . ^  The r e a c t io n  of i r o n ( I I I )  w ith  
c i t r a t e  has been th e  b a s is  of a t  l e a s t  two tes ts .2 4 > 2 5  Qf
s e n s i t iv i ty  l im i t s  th e  a d a p ta t io n  of th ese  procedures fo r  use  in  
w ater q u a li ty  s tu d ie s .  Many o f th e  methods a lso  s u f f e r  from i n t e r ­
fe re n c e s  due to  o th e r  hydroxy a c id s  or heavy m e ta ls .
L iquid chromatography has been s u c c e ss fu lly  used to se p a ra te  
c i t r i c  a c id  from o th e r  components in  s o lu t io n ,26-34 an(j gag chroma­
tography i s  being used w idely  in  th e  se p a ra tio n  and d e te rm in a tio n  
o f c i t r i c  a c i d . ^ " ^  A re c e n t method** capable  of determ ining  
c i t r i c  ac id  a t  p a r ts  p e r  b i l l i o n  le v e ls  in  aqueous system s makes 
u se  of anion exchange c le a n -u p , d e r iv a tiz a t io n  w ith  b u tan o l-  
h y d ro ch lo ric  a c id , and gas chrom atography. This method i s  su p e rio r  
to  those  mentioned e a r l i e r  i n  b o th  s e n s i t iv i ty  and s p e c i f ic i ty ;  
however, th e  procedure i s  v e ry  d e ta i le d  and re q u ire s  so p h is t ic a te d  
equipment which i s  n o t a v a ila b le  in  many w ater q u a li ty  l a b o r a to r ie s .
An im portant c o n s id e ra t io n  in  choosing a techn ique fo r  th e  
p re s e n t  study was s e n s i t i v i t y .  Except fo r  methods employing l iq u id  
o r  gas chrom atography, none o f th e  procedures m entioned above has a 
s e n s i t iv i ty  even approaching th a t  req u ired  fo r  de term ining  tra c e
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amounts of c i t r a t e  in  n a tu ra l  w a te rs . Because o f i t s  in h e re n t 
s e n s i t iv i ty ,  sp ec tro flu o ro m etry  seemed prom ising . In  a study of 
enzymatic re a c t io n s  in v o lv in g  a c e ty l  coenzyme A in  a ld o l  conden­
s a t io n s ,  Calvo et a l . ^  showed th a t  a f lu o re s c e n t  compound re ­
s u lte d  from th e  r e a c t io n  of c i t r i c  a c id  w ith  re s o rc in o l  and th a t
a flu o ro m etric  assay  could be run  to  determ ine th e  amount of
47c i t r i c  ac id  p re s e n t .  Guyon and Marks used th e  quenching e f f e c t  
of c i t r a t e  on th e  f lu o re sc e n c e  o f a  tu n g s ta te - f la v a n o l  complex 
to  develop a  f lu o ro m e tric  t e s t  capable  of d e te c t in g  0.2^U.g of 
c i t r a t e .  T a r t r a te ,  o x a la te ,  and io d id e  were rep o r ted  to  i n t e r ­
f e r e .
Thus, i t  was d e s ir a b le  to  develop a t e s t  having th e  s e n s i­
t i v i t y  which can be ach ieved  in  flu o ro m etry  b u t n o t s u ffe r in g  
from th e  normal in te r fe r e n c e s .  I t  was found th a t  c i t r a t e  and 
c i t r i c  ac id  could be converted  in to  ammonium c itraz in a te ^ ®  which 
i s  f lu o re sc e n t .  Upon f u r th e r  in v e s t ig a t io n  o f th e  p ro ced u re , 
sp ectro flu o ro m etry  proved to  be s u i ta b le  fo r  th e  p re se n t study .
Fluorom etry
F luorescence of s o lu t io n s  was observed as e a rly  as  the
sev en teen th  cen tu ry . One o f th e  f i r s t  re fe re n c e s  to  th e  occur-
49rence  i s  found in  th e  work of R obert Boyle. He was puzzled 
by th e  appearance of a b lu e  c o lo r when a yellow  s o lu t io n  was 
viewed in  a p a r t i c u l a r  manner. Such o b se rv a tio n s  remained
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unexplained  fo r  many y e a rs .  I n  1852 S ir  George Stokes5® gave an 
e x p lan a tio n  of th e  phenomenon and showed th a t  i t  depended on ab­
so rp tio n  follow ed by em ission  a t  a d i f f e r e n t  w avelength and no t 
on d i f fu s io n  of l i g h t .  He coined th e  word f lu o re sc e n c e  from th e  
m in e ral f lu o r s p a r  which i s  f lu o re sc e n t  in  some of i t s  forms.
When a m olecule  i n  s o lu t io n  a t  room tem peratu re  absorbs r a d ia n t  
energy , i t  undergoes a t r a n s i t i o n  from th e  low est v ib ra t io n a l  le v e l  
o f  th e  ground s t a t e  to  one o f th e  v ib ra t io n a l  le v e ls  in  th e  ex c ite d  
s t a t e .  B efore an e x c ite d  m olecule  in  s o lu t io n  can emit a  photon , 
i t  w i l l  undergo v ib ra t io n a l  r e la x a tio n ,  and photon em ission  w i l l  
occur from th e  low est v ib ra t io n a l  le v e l  of th e  ex c ite d  s t a t e . ^
A r e p re s e n ta tio n  o f th e  t r a n s i t i o n s  re sp o n s ib le  f o r  f lu o re sc e n c e  
i s  shown in  th e  s im p lif ie d  energy diagram  o f F ig u re  1.
The f i r s t  m ention of a f lu o ro m eter was in  1913 when W inther55 
rep o r ted  a b so rp tio n  cu rves he had ob tained  from f lu o re s c e n t  so lu ­
t io n s .  In  1920 Desha"*5 re p o r te d  a q u a n ti ta t iv e  a n a ly s is  by com­
p a ra t iv e  f lu o re sc e n c e  of d i lu t e  s o lu t io n s . The term  f lu o r im e te r  
was approved in  1942 by a p an e l appoin ted  by the  P u b lic a t io n  Com­
m itte e  of th e  S o c iety  o f P u b lic  A n aly sts  in  G reat B r i t a i n . ^  
Although t h i s  term  i s  s t i l l  g e n e ra l ly  accepted  ab road , in  th e  
Unite-( S ta te s  th e  word f lu o ro m ete r i s  p r e fe r re d . During th e  
p a s t  two decades, s o p h is t ic a te d  in s tru m e n ta tio n  has been d ev e l­
oped, and flu o ro m etry  has  become a w idely accep ted  a n a ly t ic a l  
techn ique.
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The in s tru m e n ta tio n  fo r  flu o ro m etry  c o n s is ts  of a r a d ia t io n  
so u rce , a means of producing monochromatic r a d ia t io n  o f th e  exact 
frequency needed to  e x c ite  th e  sam ple, a second monochromator u n it  
which p e rm its  only th e  em itted  f lu o re sc e n c e  to p a s s ,  and a  d e te c to r  
which i s  u su a lly  a tta c h ed  to  a m eter o r  rec o rd e r .  F ig u re  2 shows 
a b lock  diagram  of th e  components of a ty p ic a l  f lu o ro m e te r. Radia­
t io n  in  th e  u l t r a v io l e t  re g io n  i s  th e  u su a l e x c ita t io n .  P r io r  to  
1955 mercury lamps were commonly u sed ; today most o f th e  commercial 
in stru m en ts  use  xenon a rc  lamps having an energy continuum over a 
wide s p e c t r a l  ran g e . Narrow band r a d ia t io n  i s  o b ta in ed  by u sin g  
e i t h e r  f i l t e r s  o r  m onochrom ators. O lder in stru m en ts  u s u a lly  used 
f i l t e r s .  In stru m en ts  w ith  monochromators have se v e ra l  advantages 
over th e  o ld e r  m odels. The newer in stru m en ts  a re  e a s ie r  and qu ick er 
to  u se  because th e  e x c i ta t io n  and em ission  maxima a re  e a s i ly  lo ca te d  
w ith o u t having to  m an ipu late  f i l t e r s  and to  t r y  many com binations to  
determ ine th e  lo c a t io n  o f th e  maximum flu o re sc e n c e  in te n s i t y .  In  
in stru m en ts  w ith  monochromators th e re  i s  more e f f i c i e n t  s e p a ra tio n  
o f e x c ita t io n  r a d ia t io n  from em itted  l i g h t .  The d e te c to r  can be a 
p h o to c e ll  o r  p h o to m u ltip lie r ,  and th e  read o u t can appear d i r e c t l y  
on a  m eter d i a l ,  a  re c o rd e r ,  o r  an o sc il lo s c o p e . F i l t e r  in stru m en ts  
a re  u s u a lly  c a lle d  f lu o ro m e te rs  o r  fluo ropho tom eters i f  they  have 
p h o to m u ltip lie r  d e te c to r s ,  and in stru m en ts  w ith  two monochromators 
a re  c a lle d  sp ec tro p h o to flu o ro m ete rs  o r f lu o re sc e n c e  sp ec tro m eters .
The ex c ep tio n a l s e n s i t i v i t y  o f f luo rom etry  occurs because 
th e  s e n s i t iv i ty  depends n o t on ly  on th e  c o n c en tra tio n  o f th e  f lu o ­
re s c e n t  m a te r ia l  in  th e  sample and th e  wavelength of the  em itted
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l i g h t  b u t a lso  on th e  in te n s i ty  o f th e  e x c ita t io n  source  and th e  
s e n s i t iv i ty  of the  photo tobe o r p h o to m u ltip lie r .  Even though more 
in te n s e  e x c ita tio n  sources a re  used in  fluo rom etry  than  in  sp e c tro ­
photom etry, th e  m ajor in c re a se  in  s e n s i t iv i ty  o ccu rs  because th e  
d e te c to r  i s  d i r e c t ly  m easuring th e  em itted  f lu o re sc e n t  l ig h t  vrtiich 
produces a s ig n a l  t h a t  can be am p lified  much more r e a d i ly  than  
can th e  s ig n a l  th a t  r e s u l t s  from com parison of th e  in c id e n t  and 
tra n sm itte d  r a d ia t io n  which i s  m easured in  spectropho tom etry .
F luorom etric  D eterm ina tion  o f C i t r a te
In s  tru m en ta tio n
An Aminco-Bowman sp ec tro p h o to f luo rom eter equipped w ith  an 
o p t ic a l  u n i t ,  a p h o to m u ltip lie r  m icrophotom eter, and a power 
supply was used throughout th e  experim ent. The o p t ic a l  u n i t  
included  a Xenon lamp w ith  housing  and blow er, two m onochromators, 
two s l i t  h o ld e rs ,  a c e l l  compartm ent, and p h o to m u ltip lie r  housing 
w ith  m anually opera ted  r o ta ry  s l i t  t u r r e t  and f i l t e r  h o ld er w ith  
s h u t te r  c o n tro l .  A 10 mm q u a rtz  c e l l  was used to  hold  the  sample.
Chemicals
C i tr a te  S o lu tio n : A s to c k  s o lu t io n  c o n ta in in g  10 mg/ml of
c i t r a t e  was prepared  by d is s o lv in g  1.555 g triso d iu m  c i t r a t e ,  
A n a ly tic a l Reagent Grade, in  w ater and d i lu t in g  th e  sample to  
100 m l. This s o lu t io n  was p repared  d a ily  and was used to  make 
s tandard  c i t r a t e  s o lu t io n s .
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Sodium M etaperioda te  S o lu tio n : A 5% s o lu t io n  (by w eight)
was p repared  by d iss o lv in g  5 g sodium m eta p e rio d a te , A n a ly tic a l 
Reagent Grade, in  95 g o f w a te r.
S o lu tio n s  fo r  Study of In te r fe re n c e s :  Stock s o lu t io n s  of
10 mg/ml c o n c e n tra tio n  were used .
H ydrochloric A cid: A 2 M s o lu t io n  was p rep ared  by d isso lv in g
166 ml c o n cen tra ted  h y d ro ch lo ric  a c id ,  A n a ly tic a l Reagent Grade* 
in  w ater and d i lu t in g  th e  sample to  1 l i t e r .
O ther R eagents: Thionyl c h lo r id e ,  ammonium hydrox ide , and
s u lf u r ic  a c id  were A n a ly tic a l Reagent Grade chem icals.
P re lim in a ry  S tu d ies
In v e s t ig a t io n s  employing a sp o t t e s t  of Feigl^® showed th a t  
c i t r a t e  could  be  converted  in to  ammonium c i t r a z in a te  which i s  
f lu o re s c e n t .  The conversion  tak e s  p la c e  through a s e r ie s  of 
s te p s  shown in  F ig u re  3. The c i t r a t e  i s  converted  to  c i t r i c  
a c id , and th e  s o lu t io n  i s  evaporated  to  d ry n ess . The s o lid  c i t r i c  
a c id  i s  th en  t re a te d  w ith  th io n y l  c h lo r id e  to  form th e  ac id  
c h lo r id e  o f a c o n it ic  a c id . B o ilin g  w ith  ammonia co n v erts  th e  
a c id  c h lo r id e  in to  the  tr ia m id e . Upon h e a tin g  w ith  s u lf u r ic  
a c id , ammonia i s  g iven  o f f ,  th e  r in g  c lo s e s ,  and th e  ac id  amide 
group on th e  m iddle  carbon i s  s a p o n if ie d . The p roduct i s  2 ,6 - 
d ih y d ro x y iso n ic o tin ic  a c id  o r c i t r a z i n ic  a c id ,  th e  ammonium 
s a l t  o f which forms a c o lo r le s s  s o lu t io n  which e x h ib its  a b r ig h t  
b lu e  f lu o re sc e n c e .
Since th e  f lu o re s c e n t  p ro p e r t ie s  o f  the  p roduct were 
unknown, th e  fo llow ing  p rocedure was used to  o b ta in  the
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f lu o re sc e n c e  and e x c ita t io n  s p e c tr a .  With th e  e x c ita t io n  w avelength 
h e ld  c o n s ta n t ,  an em ission  scan  was run  and the  h ig h e s t  v a lu e  of 
th e  f lu o re sc e n c e  in te n s i t y  was n o ted . A fte r  changing th e  e x c ita t io n  
w avelength , th e  em ission  scan was re ru n . This procedure was r e ­
p ea ted  u n t i l  th e  e x c i ta t io n  w avelength p roducing  maximum flu o rescen ce  
was determ ined . The d i a l  c o n tro l l in g  th e  e x c i ta t io n  monochromator 
was th en  s e t  on th is  wavelength and an em ission  scan  was aga in  run  
in  o rd er to  f in d  th e  em ission  maximum. A fter  lo c a t in g  th e  em ission 
w avelength fo r  maximum f lu o re sc e n c e , th e  e x c i ta t io n  maximum was 
checked by running  an e x c i ta t io n  scan  when th e  em ission  wavelength 
was h e ld  c o n s ta n t .  The e x c i ta t io n  maximum o ccu rred  a t  340 nm, and 
th e  em ission  w avelength  o f maximum f lu o re sc e n c e  was 430 nm. F ig u res  
4 and 5 e x h ib i t  th e  e x c ita t io n  and f lu o re sc e n c e  s p e c t r a ,  r e s p e c tiv e ly .
The optimum amount of each re a g e n t was found by keeping a l l  
c o n d itio n s  c o n s ta n t excep t th e  param eter being  s tu d ie d  and d e te r ­
m ining th e  amount of th a t  p a r t i c u l a r  re a g e n t n ecessa ry  to  g ive 
maximum flu o re sc e n c e . The r e s u l t s  a re  shown in  Table 1.
I t  was n ecessa ry  to  f in d  th e  r a t e  of developm ent o f f lu o re s ­
cence and th e  s t a b i l i t y  of th e  p ro d u c t. Three se p a ra te  t r i a l s  
in d ic a te d  th a t  th e  i n te n s i t y  o f  th e  f lu o re s c e n t  p roduct had 
reached i t s  expected  v a lu e  by th e  tim e a read in g  could be taken 
and th a t  i t  rem ained c o n s ta n t fo r  abou t two h o u rs . F ig u re  6 i s  
a g rap h ic a l r e p re s e n ta t io n  showing th e  s t a b i l i t y  o f th e  f lu o re s ­
cen t p ro d u ct.
Because t a r t r a t e  o f te n  undergoes re a c t io n s  s im ila r  to  those 
of c i t r a t e ,  i t  commonly e x h ib i ts  p o s i t iv e  in te r fe r e n c e  Ln c i t r a t e



























250 300 350 400
W a v e l e n g t h  , n m
F i g u r e #


























W a v e l e n g t h ,  n m




Instrum ental Parameters: E xcita tio n  wavelength -  340 nm 
Omission wavelength -  430 nm 
S e n s it iv ity  -  40 
Entrance s l i t  width -  5 mm 
E xit s l i t  width -  5 nm 
P hotom ultiplier shu tter width -  0 .5  mm
Experimental Parameters: S ize  o f  sample -  0 .5  ml
Concentration o f sample -  10 ̂ 6g/ml
Hydrochloric Acid Thionyl Chloride
Concen­
tra t io n  Amount In ten sity Amount In ten sity
2 M .10 ml 60 .1  ml 14
Cone. .05 ml 44 .2  ml 19
Cone. .15 ml 35 .3  ml 26
Cone. .20 ml 33 .4  ml 19
Ammonium Hydroxide S u lfu r ic  Acid
Amount In ten sity Amount In ten sity
.2  ml 39 .1 ml 20
.3  ml 36 .2  ml 25
.4 ml 58 .3  ml 45
.5  ml 40 .4 ml 22
F in a l Addition o f  Ammonium Hydroxide
Condition In ten sity
S lig h t ly  ammoniacal 39
Strongly ammoniacal 49
Summary o f Optimum Amounts
Hydrochloric Acid -  .1  ml 2 M Thionyl Chloride -  .3  ml
Ammonium Hydroxide -  .4  ml S u lfu r ic  Acid - .3  ml
F in al Condition -  Strongly ammoniacal
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d e te rm in a tio n s . An in te r fe r e n c e  study  showed th a t  a  f lu o re sc e n t  
p roduct was o b ta in ed  when 50 /ig /m l o f t a r t r a t e  were used in  the  
proposed r e a c t io n  sequence. A ll a ttem p ts  to  mask th e  t a r t r a t e  
were u n su c ce ss fu l. V arious e x tr a c tio n s  to  se p a ra te  c i t r a t e  were 
t r i e d  b u t d id  n o t prove s a t i s f a c to r y .  I t  was found ex p erim en ta lly  
t h a t  th e  in te r fe r e n c e  due to  t a r t r a t e  could be e lim in a ted  by de­
s tro y in g  th e  t a r t r a t e  w ith  p e r io d a te . O ther sp e c ie s  examined fo r
+ 2+ 2+ 3+ 3+ 3+ 2-
p o s s ib le  in te r fe re n c e  were Na , Ni , Zn , A1 , Bi , Fe , COg ,
-  2-  2-  3 -  N0o , S , SO , PO, , fo rm a te , and o x a la te .  None of th ese  3 4 4
e x h ib ited  s ig n i f ic a n t  in te r fe r e n c e .
With th e  use of th e  in fo rm a tio n  d e riv ed  from th e  p re lim in a ry  
s tu d ie s ,  a method was developed fo r  th e  d e te rm in a tio n  of c i t r a t e .
Recommended P rocedure
P ip e t 0 .5  ml o f sample s o lu t io n  in to  a m icro c a ss e ro le  and 
add 0.1  ml o f 2 M h y d ro ch lo ric  a c id . Evaporate th e  s o lu t io n  to 
dryness on a h o t p l a t e .  Cool, add 0 .3  ml of th io n y l c h lo r id e ,  and 
again  ev ap o ra te  th e  s o lu t io n  to  d ry n ess . Add 0 .4  ml of c o n cen tra ted  
ammonium h y drox ide , and b o i l  u n t i l  about 2 drops o f  l iq u id  rem ain. 
A fte r  allow ing  th e  c a s s e ro le  to  c o o l, add 0 .3  ml o f  co n cen tra ted  
s u lf u r ic  a c id ,  and h e a t  th e  s o lu t io n  fo r  two m inutes a t  a tem pera­
tu re  s u f f i c i e n t ly  h ig h  to  cause ev o lu tio n  of s u l f u r ic  ac id  v ap o rs . 
Wash th e  s o lu t io n  in to  a 5 ml v o lu m etric  f la s k ;  add co n cen tra ted  
ammonium hydroxide to  b r in g  th e  pH to  a t  l e a s t  9; and d i lu t e  to  
th e  mark w ith  d e io n ized  w a te r .  A fte r  10 m in u tes, measure th e  
f lu o rescen ce  in te n s i t y  a t  430 nm usin g  an e x c ita t io n  source of 
340 nm.
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I f  th e  procedure  i s  being  used fo r  samples which c o n ta in  
t a r t r a t e ,  0 .1  ml of 5% sodium m etap erio d a te  should be added 
b e fo re  the  i n i t i a l  ev ap o ra tio n  to  d ryness .
The m eter read ing  was s e t  on zero w ith  no sample in  the  
c e l l .  Thus, a l l  read in g s  o b ta in e d , in c lu d in g  th a t  of th e  
b lan k , were r e l a t i v e  to  t h i s  i n i t i a l  v a lu e  and a re  c a lle d  
r e l a t i v e  f lu o re sc e n c e  in te n s i ty  v a lu e s . Standard c i t r a t e  
s o lu t io n s  in  the  co n cen tra tio n  range o f 0 .01 -  1 0 Mg/ml (10 
ppb -  10 ppm) were p repared  by a p p ro p r ia te  d i lu t io n s  of a 
10 mg/ml s to c k  s o lu t io n ,  and a v a lu e  o f th e  r e l a t i v e  f lu o ­
rescen ce  in te n s i t y  was o b ta in ed . A c a l ib ra t io n  cu rv e , shown 
in  F ig u re  7, was p repared  by p lo t t in g  on lo g -lo g  paper r e l a ­
t iv e  f lu o re sc e n c e  in te n s i ty  v e rsu s  c i t r a t e  c o n c e n tra tio n .
R e p ro d u c ib ility
Due to  in s tru m en ta l param eters which cannot be changed, 
d a ta  o b tained  from sp ec tropho to fluorom etry  a re  not as rep ro ­
d u c ib le  as sp ectro p h o to m etric  d a ta .  For example, v a r ia t io n s  
in  f lu o re sc e n c e  in te n s i ty  occur because of changes in  th e  xenon 
lamp i n te n s i t y .  A c e r ta in  amount of s c a t t e r  i s  p re se n t  in  v a ry ­
ing degrees in  any o p t ic a l  in s tru m e n t, b u t i t  i s  p a r t i c u la r ly  
n o tic e a b le  in  in stru m en ts  which m easure f lu o re sc e n c e . Substances 
p re s e n t  in  the  f lu o re sc e n t  s o lu t io n  a lso  c o n tr ib u te  to  the  
s c a t te r e d  l i g h t .  Even pure  so lv e n ts  s c a t t e r  l ig h t  to  some 
e x te n t .  The r e s u l ts  of a r e p ro d u c ib i l i ty  s tudy  a re  shown in  
Table 2.














0.1 A Blank S u b t r a c t e d
O Blank Not S u b t r a c t e d
0 . 0 1 0.1 1 0I
C o n c e n t r a t i o n  , yug /  m I 
F i g u r e  7




Instrum ental Parameters: 
Experimental Parameters:
E x cita tio n  wavelength -  340 nm 
Emission wavelength -  430 nm 
S e n s it iv ity  -  40 
Entrance s l i t  width -  5 nm 
E xit s l i t  width -  5 mm 
Photom ultip lier sh utter width -  0 .5  nm
S ize  o f sample -  5 .0  ml 
Concentration o f sample -  l^ g /ta l
Values o f  F luorescence In ten sity
43.4  X .3 39 .0  X .3
50.0  X .3 40.0  X .3
51.0  X .3 45 .1  X .3
53.5  X .3 50 .0  X .3
Note: The recommended procedure was used on each sample.
In  order to  p resen t an accurate view  o f the actu al reproduci­
b i l i t y  under normal working c o n d itio n s, the samples were run 
over a period o f three days.
Mean In ten sity  Value 46 .5  X .3
Standard D eviation  4.99
Standard D eviation  o f the Mean 1.76
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when c i t r a t e  d e te rm in a tio n s  a re  made, samples should be run 
in  t r i p l i c a t e ,  and th e  mean v a lu e  should be used as th e  c o rre c t  
one. As in  m ost ty p es  of t ra c e  ana lyses in  th e  p a r ts  p e r b i l l io n  
ran g e , the  accuracy  of th e  r e s u l t s  in  a c tu a l  d e te rm in a tio n s  could 
v ary  w idely  w ith  w aters  o f g r e a t ly  d i f f e r e n t  com positions. When 
samples of n a tu r a l  w a te rs  a re  analyzed , p re lim in a ry  s tu d ie s  should 
be done, and any n ecessary  ad justm en ts should be made.
D iscussion
The i n i t i a l  a d d it io n  o f ac id  se rves two fu n c tio n s . I t  
demasks m eta l c i t r a t e  complexes p o te n t ia l ly  p re s e n t  and forms 
c i t r i c  a c id  from th e  c i t r a t e  io n . In  th e  case o f m ost sam ples,
0 .1  ml of ac id  i s  a la rg e  ex cess; however, the  excess ac id  i s  
d r iv e n  o f f  i n  th e  i n i t i a l  h e a tin g  and does n o t a f f e c t  subsequent 
r e a c t io n s .  The e lim in a tio n  o f th e  t a r t r a t e  in te r fe r e n c e  r e s u l t s  
from th e  o x id a tio n  o f th e  t a r t a r i c  ac id  by p e r io d a te .  This 
re a c t io n  i s  c h a r a c te r i s t i c  o f compounds c o n ta in in g  two o r more 
-OH o r  =0 groups a tta c h ed  to  a d jacen t carbon atom s. Because 
c i t r i c  ac id  does n o t have th i s  s tr u c tu r e ,  i t  i s  no t a ff e c te d  
by the  p e r io d a te .  Although o x a la te  could be to le r a te d  in  t h is  
p ro ced u re , i t  does i n te r f e r e  in  many c i t r a t e  d e te rm in a tio n s  and 
could be e lim in a te d  by th e  u se  of p e rio d a te .
A ll g lassw are  used throughout th e  d e te rm in a tio n  m ust be 
sc ru p u lo u sly  c le a n . I t  can be b o iled  in  c o n cen tra ted  n i t r i c  
ac id  b u t should n o t be c leaned  w ith  chromic a c id . A fte r  i t  
has been cleaned  and i s  f r e e  of f lu o re sc e n t  im p u r i t ie s ,  g la s s -
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ware should be washed w ith  shampoo in s te a d  o f th e  o rd in ary  
la b o ra to ry  d e te rg e n ts .  Aluminum f o i l ,  Saran w rap, or po ly ­
e th y len e  s to p p e rs  should be used in s te a d  of cork  o r  ru b b er 
s to p p e rs . F ore ign  m a te r ia l  p re s e n t  in  th e  s o lu t io n  can change 
bo th  th e  n a tu re  and in te n s i t y  o f th e  f lu o re sc e n c e  and g iv e  
erroneous r e s u l t s .
The procedure p re se n ted  h e re  has e x c e l le n t  p o s s ib i l i t i e s .
I t s  wide range i s  p o s s ib le  because  of in s tru m e n ta l s e n s i t iv i ty  
a d ju stm en ts . The method i s  q u i te  u se fu l  in  th e  range o f 100 ppb -  
10 ppm. However, th e  l im i t  o f d e te c t io n  i s  s ta te d  as 10 ppb, and 
samples w ith  c o n c en tra tio n s  as  low as  1 ppb can u su a lly  be d i f f e r ­
e n tia te d  from th e  b lan k . A lthough samples in  th e  co n cen tra tio n  
range below 100 ppb can be de te rm ined , th e  v a lu e s  of th e  f lu o re s ­
cence in te n s i t y  of such samples a re  c lo s e  to g e th e r  and do no t 
d i f f e r  m arkedly from th e  b lan k  v a lu e . Hence, when samples in  
t h is  c o n c en tra tio n  range a re  b e in g  de te rm in ed , extreme ca re  should 
be e x e rc ised  in  b o th  th e  experim en ta l work and th e  i n te r p re ta t io n  
of r e s u l t s .
This p rocedure  has an advantage over many e a r l i e r  methods 
because o x a la te  does n o t i n te r f e r e  and in te r fe re n c e  due to  t a r ­
t r a t e  can be e lim in a te d .
Samples o f n a tu r a l  w a te rs  a re  o f te n  s ta b i l i z e d  w ith  form alde­
hyde u n t i l  an a ly ses  can be ru n . A s to c k  s o lu t io n  of c i t r a t e  In  1% 
form aldehyde in s te a d  of w ater as th e  so lv e n t was p rep ared . D ilu tio n s  
fo r  th e  s tan d a rd  s o lu tio n s  were made w ith  th e  1% formaldehyde
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s o lu t io n . R e su lts  from t e s t s  run on th ese  so lu t io n s  were com­
p a ra b le  w ith  th o se  in  which aqueous c i t r a t e  so lu t io n s  were used. 
Thus, i t  appears th a t  normal sampling and p re se rv a tio n  procedures 
can be used in  co n ju n c tio n  w ith  t h i s  method.
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CHAPTER 3
THE DETERMINATION OF THE IRON(III) COMPLEX OF CITRATE
Complexation in  Aquatic Chemistry
The in v e st ig a tio n  of tra ce  m etals in  the aquatic ecosystem  
i s  an important area o f  environmental s tu d ie s . Knowledge of 
only  the t o ta l  concentration o f each elem ent in  a water sample 
i s  not s u f f ic ie n t ,  but the p a r ticu la r  chemical sp ec ies  present 
such as complexes or hydrated io n s ,  d isso lv ed  or associated  with 
p a r t ic u la te  m atter, are re lev a n t to  many s tu d ie s . D ifferen t  
forms of an element may have e n t ir e ly  d if fe r e n t  c h a r a c te r is t ic s ,  
producing d iffe r e n t  e f f e c t s  on the ecosystem . Thus, a n a ly tica l  
methods need to be developed which can d is tin g u ish  between the 
fr e e  io n ic  and complex sp e c ie s .
Evidence for the E xistence o f Complexes in  Water
There i s  in d ispu tab le  evidence fo r  the ex isten ce  of complexes 
in  water. Sot only do th e o r e t ic a l  p red ictio n s p o in t to  th e ir  
p resence, but a lso  th e ir  ex is te n c e  has been v e r if ie d  experim entally. 
Garrels and Thompson^ esta b lish ed  a model o f  seawater by computing 
the d is tr ib u tio n  o f the most Important d isso lv ed  sp e c ie s . Their
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ca lcu la tio n s  showed th at a s ig n if ic a n t  portion  o f the b icarb onate, 
carbonate, and s u lfa te  was present in  the form o f complexes w ith  
metal io n s.
C alcu lations in  which s o lu b il it y  product data are used in ­
d ica te  that the s o lu b il it y  o f  i r o n ( l l l )  cannot exceed about 10“  ̂ M 
in  so lu tio n s that have pH va lues above 5. This ca lcu la ted  r e su lt  
i s  not in  accord w ith  the data obtained from analyses o f  natural 
w aters. I t  i s  true that the data could be inaccurate because i t  
i s  very d i f f i c u lt  to  a n a ly t ic a lly  d is tin g u ish  between d isso lved  
and suspended iro n . However, i t  i s  a lso  p o ss ib le  that the r e su lt s  
are correct and that the iro n  i s  complexed by n atu ra lly  occurring  
sp e c ie s . These complexation reaction s would increase the s o lu b il ity  
of iro n (III )  by e f f e c t iv e ly  removing ind iv id u al f e r r ic  ions from 
so lu tio n  and thus hindering f e r r ic  hydroxide p r e c ip ita tio n . Such 
s o lu b il ity  data are not lim ited  to  ir o n (I I I );  sim ila r  r e su lt s  are 
obtained in  the case o f  many c a tio n s.
Complexlng agents have recen tly  been found in  sewage e f f lu e n ts .  
In one s tu d y ,^  copper was added to samples o f secondary sewage 
e ff lu e n t  from the Ann Arbor, M ichigan, activated  sludge p lan t. 
Through the use o f anodic str ip p in g  techn iques, i t  was found that  
part of the copper became complexed by sp ec ie s  present in  the sewage 
e ff lu e n t. The concentration o f ligands was determined; however, no 
mention was made concerning the id e n tify  o f  the lig a n d s. Copper 
made unavailab le fo r  electrochem ical p la tin g  through complexation
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with ligan d s in  the sewage was re leased  by acid as w ell as by the 
f e r r ic  io n , in d ica tin g  that the ligand s were a lso  a va ilab le  for  
complexation by ir o n (I I I ) .
I t  has been reported® that both c i t r i c  acid and n i t r i lo -  
t r ia c e t ic  acid  can be found in  e ff lu e n ts  from sewage treatment 
p lan ts and that th e ir  presence stro n g ly  in flu en ces  metal equi­
l ib r ia  in  aqueous system s.
Although complex ions in  so lu tio n  have been studied rather  
extensively,"*^”®® almost nothing has been reported about the 
a n a ly tic a l  determ ination of complexes. Eremenko®^ reported that  
heavy m etals in  natural waters are present almost ex c lu siv e ly  in  
the form o f complexes w ith organic acid s and that the complexes 
can be detected by means o f e lec tro p h o resis .
Spectrophotometric Determination
The method for  the determ ination o f the iro n (I I I )  complex 
of c itr a te *  presented here i s  not based on any previous work but 
was developed e n t ir e ly  during the course o f th is  study.
I t  i s  well-known that ir o n (I I I )  does not exh ib it i t s  character­
i s t i c  rea ctio n s in  the presence o f c it r a te  due to the formation o f  
a complex sp e c ie s . In  developing a method fo r  the determ ination
Throughout the d is se r ta t io n , th is  complex i s  not named 
according to IUPAC ru les  because the m etal to ligand r a tio  i s  
not known.
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of the c it r a te  complex o f i r o n ( I I I ) , i t  seemed lo g ic a l  to  begin  
by examining some o f the rea ctio n s in  which ir o n (I I I )  does not 
behave in  the expected manner.
When ammonium hydroxide i s  added to a so lu tio n  containing  
the f e r r ic  io n , f e r r ic  hydroxide immediately p r e c ip ita te s , and 
a c o lo r le ss  so lu tio n  remains. I t  I s  commonly accepted th at i f  
c itr a te  i s  present in  the so lu t io n , the fe r r ic  hydroxide p r e c ip i­
ta te  does not form. Experimental observations confirmed th is  fa c t ;  
however, i t  was noted th a t the so lu tio n  became dark red upon addi­
t io n  of ammonia.
Several prelim inary s tu d ie s  were undertaken in  order to  
gain more inform ation about the dark red so lu tio n . A pH study  
was done to v e r ify  th at the co lor  change was not sim ply a r e su lt  
of a change in  pH. Two so lu tio n s  of the iro n (I I I )  c it r a te  complex 
were used. To the f i r s t  s o lu tio n , ammonium hydroxide was added 
u n t i l  the c h a r a c te r is t ic  co lor  was obtained . The pH o f th is  
so lu tio n  was 8 .4 . To the second s o lu tio n , sodium hydroxide was 
added u n t il  a pH of 8 .4  was reached. The r e su lt  was unquestionably  
d iffe r e n t. At no time during the ad d ition  of the sodium hydroxide 
did the so lu tio n  become red. In stead , fe r r ic  hydroxide was formed, 
and upon cen tr ifu g in g  the so lu t io n , the r u st  p r e c ip ita te  s e t t le d  to  
the bottom o f the t e s t  tube, and a c o lo r le s s  s o lu tio n  was a t the top. 
The fer r ic  hydroxide did not d is so lv e  when ammonia was added.
A l ig h t  sc a tte r in g  experiment was conducted to  determine i f  
the colored product was a c o llo id .  Ammonium hydroxide was added 
to c itr a te  so lu tio n s  contain ing 10 mg/ml and 10 >lg/ml ir o n ( I I I ) ,
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r e sp ec t iv e ly . The more concentrated so lu tio n  became the character­
i s t i c  red and the d ilu te  so lu tio n  became yellow . Both colored  
so lu tio n s  appeared c lea r  but were f i l te r e d  to remove extraneous 
m atter such as dust p a r t ic le s  which would sc a tte r  l ig h t .  The 
so lu tio n s  were examined in  a l ig h t  sca tter in g  instrum ent, and 
n eith er  showed sca tter in g  ty p ic a l of a c o llo id . Thus, i t  was 
concluded that no c o llo id a l  p a r t ic le s  were present and that the 
colored products were true so lu tio n s . Because a colored product 
was obtained in  the reaction  of the iron(IIX ) c it r a te  complex 
w ith ammonia, i t  seemed lo g ic a l  to  use a spectrophotom etric pro­
cedure for the determ ination.
Spectrophotometry
Long before Beer's Law was expressed, i t  had been observed 
that there was a co rre la tio n  between the in te n s ity  o f  a colored  
so lu tio n  and the concentration o f the so lu tio n . In an a r t ic le  
appearing in  1 8 4 5 ,^  a method based on color comparison for  
q u a n tita tiv e ly  determining the bromine content o f m ineral waters 
was described . A method fo r  the determ ination of copper^  based 
on the comparison o f the co lo rs  o f so lu tio n s of the ammine complex 
was devised in  1846. From th at time there has been increasin g use 
o f o p t ic a l  methods of a n a ly s is .
In most q u a n tita tiv e  methods u t i l iz in g  the absorption of radiant 
energy, a comparison o f the ex ten t of absorption a t a  p articu lar  
wavelength of a t e s t  so lu tio n  and those of a se r ie s  of standard 
so lu tio n s  i s  made. The fundamental law governing the absorption
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o f  energy by a s o lu tio n  i s  gen era lly  referred  to as B eer's Law^  
which can be sta ted  as
lo g  1 °  * abC
in  which PQ i s  the rad iant energy in c id en t on the sample; P i s  the 
radiant energy transm itted by the sample; a i s  the a b so rp tiv ity ,  
a constant dependent upon the wavelength o f the ra d ia tio n  and 
the nature o f  the absorbing m ateria l; b i s  the len gth  o f the  
l ig h t  path; and C i s  the concentration o f the so lu tio n . The 
r a tio  o f the radiant energy transm itted to that in c id en t on a 
sample i s  c a lle d  transm ittance and i s  denoted by T.
t » P
^o
Instead o f dealing  w ith  a logarithm ic re la t io n sh ip , i t  i s  
u su a lly  more convenient to  work w ith absorbance, defined by
A -  lo g  ( | )  = abC.
Because a and b are constan t throughout a determ ination, the  
absorbance i s  d ir e c t ly  proportional to the concentration o f  
the so lu tio n .
The b a s ic  components o f  a ty p ica l spectrophotometer are 
sim ilar to th«>se employed In fluorom etry. They include a source 
of radiant energy; a prism or grating  for obtain ing the d esired  
sp ectra l band; a sso c ia ted  o p t ic s  co n s is t in g  of le n se s , m irrors, 
and s l i t s ;  a d e tecto r; and a readout m eter. For work in  the
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v i s ib l e  reg ion , the most ccmmon rad ia tion  source i s  a tung­
sten  lamp; a deuterium discharge lamp i s  used for work in  the 
u ltr a v io le t  region . Hydrogen lamps can be used, but the in ten ­
s i t y  i s  considerably le s s  than th a t o f deuterium lamps. I f  a 
high le v e l  o f  illu m in ation  i s  d esired , i t  i s  necessary to  use 
a xenon arc or a mercury vapor lamp. Any p h o to sen sitiv e  de­
v ic e  having a su ita b le  s e n s i t iv i t y  can be employed as the de­
tec to r . In instrum ents that r e s t r ic t  the bandwidth o f the 
energy reaching the d e tec to r , photom ultip lier tubes are commonly 
used.
In a s in g le  beam instrum ent, rad ia tion  from the source 
enters the monochromator where i t  i s  d ispersed  by a prism or 
gratin g . As the d isp ersin g  element i s  ro ta ted , the various  
rad ia tion  bands are focused on the e x it  s l i t .  S ta b le , high 
q u a lity  components in the source, d e tec to r , and am p lifier  are 
required fo r  high p rec is io n  measurements. Double beam in stru ­
ments have some type o f  beam s p l i t t e r  in  fron t of the sample c e l l s .  
One beam i s  d irected  through the reference c e l l  and the other  
through the sample c e l l .  The two beams are then compared e ith er  
a lte r n a te ly  or continuously many tim es each second. F luctu ations  
in  the source in te n s i ty , d etector  response, and am plifier  gain  
are compensated by measuring the d iffe r en ce  s ig n a l between the  
sample and the r e f e r e n c e . A  block diagram of a double 
beam instrument i s  shown in  Figure 8.
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Instrum entation
The instrument used In the prelim inary stu d ies  was a Beckman 
Double Beam Spectrophotometer equipped w ith  a Beckman Lamp Powei 
Supply and a Sargent Model SR Recorder. The f in a l  stu d ies  were 
done w ith  a Perkin-Elmer Coleman 124 Double Beam Spectrophotometer 
equipped with a Perkin-Elmer Lamp Power Supply and a Sargent 
Model SRG Recorder. The c e l l s  were S p e c tro s il  c e l l s  which had a 
l ig h t  path len gth o f 10 mm.
Chemicals
Iro n (III)  Solution: A stock  so lu tio n  containing 10 mg/ml of
iro n (I I I )  was prepared by d isso lv in g  5.000 g e le c t r o ly t ic  iron  
wire in  d ilu te  n i t r ic  acid  (prepared by mixing 10 ml concentrated, 
A n alytica l Reagent Grade n i t r i c  acid  and 25 ml water) and d ilu t in g  
the sample of 500 ml. This so lu tio n  was 0.177 M with resp ect to  
i r o n (I I I ) .
C itra te  Solution: A sto ck  so lu tio n  that was 0.177 M w ith
resp ect to  c it r a te  was prepared by d isso lv in g  5.202 g trisodium  
c it r a te ,  A n aly tica l Reagent Grade, in  water and d ilu t in g  the sam­
p le  to  100 ml.
Iro n (III) C itrate  S olu tion : A so lu tio n  having a 1:1 molar
r a tio  was prepared by mixing equal volumes o f  the stock  iro n (I I I )  
so lu tio n  and the stock  c it r a te  so lu tio n . This so lu tio n  contained  
5 mg/ml of iron (IIX ). I t  was prepared d a ily  and was d ilu ted  to  
make the standard ir o n (I I I )  c it r a te  s o lu tio n s .
Sodium Metaperiodate Solu tion : A 5% so lu tio n  (by weight)
was prepared by d isso lv in g  5 g sodium m etaperiodate, A n aly tica l
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Reagent Grade, In 95 g o f water.
Solutions fo r  Study of In terferen ces: Stock so lu tio n s of
10 mg/ml concentration  were used.
Ethylenediam ine: A n aly tica l Reagent Grade, 98% eth ylene-
diamlne was used.
Ion Exchange Resin: A Rohm and Haas, Amberlite IR-120,
ca tio n  exchange r e s in  in  the sodium form was used.
Design of Procedure
In develop ing a spectrophotom etric method fo r  the determ ination  
of the ir o n (I I I )  c it r a te  complex, severa l fa cto rs  were considered.
I t  was d es ira b le  to ach ieve the g rea tes t  p o ss ib le  s e n s it iv i t y ,  
s p e c if ic i t y ,  rep r o d u c ib ility , and r e l ia b i l i t y .  In  order to reach  
th is  g o a l, an unusually d e ta iled  in ter feren ce  study was undertaken, 
and v a r ia b les  such a s  the reagent used , amounts o f  a l l  substances 
used , and r e a ctio n  tim e were stu d ied . R esu lts from th ese stu d ies  
were used to develop a procedure and to e s ta b lish  optimum conditions 
fo r  the rea ctio n .
Choice o f Reagent
In an e f f o r t  to  choose the reagent b e st  su ited  fo r  the deter­
m ination, many d iffe r e n t  compounds were stu d ied . The r e su lt s  are 
shown in  Table 3 . Absorbance va lues were obtained fo r  th e products 
which appeared to  be the most promising. Ethylenediamine was 
chosen as the reagent fo r  th e  spectrophotom etric determ ination






























Io d id e
Tr iphenylpho sphine ( in  
chloroform)
R esult w ith  F erric  C itra te
Dark red so lu tio n
Dark red so lu tio n
Red aqueous phase
No v i s ib l e  rea ctio n
Bark red so lu tio n
Red aqueous phase
No v i s ib l e  reaction
Very l ig h t  red so lu tio n
Red so lu tio n
No v i s i b l e  rea ctio n
Dark red so lu tio n
Dark red so lu tio n
Dark purple (but gave the same
co lo r  w ith the f e r r ic  ion  a lone)
No v i s ib l e  reaction
Very l ig h t  orange 
Dark red so lu tio n  (but gave the  
same co lor  w ith fe r r ic  ion alone) 
Orange p r e c ip ita te
No v i s ib l e  rea ctio n  
Purple so lu tio n  (but gave the  
same co lor w ith f e r r ic  ion a lone) 
No v i s ib l e  rea ctio n  (but gave a 
magenta so lu tio n  w ith  f e r r ic  ion  
alone)
No v i s ib l e  rea ctio n  
Yellow so lu tio n  containing a 
b lack  p r e c ip ita te  (gave a brown 
so lu tio n  containing a b lack  pre­
c ip it a te  w itb  f e r r ic  io n  a lone)
No v i s ib l e  reaction  (even w ith  
heating)
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of the ir o n (I I I )  c i t r a te  complex because o f the high absorbance 
of the reaction  product. I t  i s  a lso  p referab le  to many of the 
other compounds because i t  does not have a d isagreeable  odor, i s  
so lu b le  in  w ater, and g iv es  a low blank reading.
In order to  improve s e n s i t iv i t y > attem pts were made to  ex tract  
the ir o n (I I I )  c it r a te  as w e ll as the reaction  product, but none 
of these attempts was su c c ess fu l. Table 4 l i s t s  the so lv en ts  
used.
Absorbance Maximum
The absorption spectrum o f the product from the reaction  
of the iro n (I I I )  c it r a te  complex w ith ethylenediam ine i s  d is ­
played in  Figure 9; a so lu tio n  o f iro n (I I I )  c it r a te  was used 
as the referen ce . An absorbance maximum occurred a t 350 nm.
In te r fe re n c e  Study
Because of the nature of the t e s t  s p e c ie s , i t  was necessary  
to  do a more thorough study of in ter feren ces  than th at u sua lly  
undertaken. In a normal in ter feren ce  study, two t e s t s  are run 
for each sp ec ie s  that i s  being checked. The p o ss ib le  in te r fer e n t  
i s  su b stitu ted  fo r  the t e s t  sp e c ie s ,  and the determ ination i s  
carried out in  the usual manner. I f  no n o ticea b le  reaction  occurs, 
the d iverse  ion  does not ex h ib it  p o s it iv e  in te r fer e n c e . To check 
fo r  negative in te r fer e n c e , the d iverse  ion i s  included along 
with the t e s t  sp e c ie s  and the determ ination i s  run. Negative 
in terferen ce  occurs when the expected product i s  not obtained or
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TABLE 4 
SOLVENTS USED FOR EXTRACTION
A cetylacetone 
n-Amyl a ceta te  
n-Amyl alcoh ol 
n-Amyl propionate 
t-B u ty l alcohol 
n-Caproic acid  
Carbon tetrach lor id e  
Chloroform
D ieth yleneglycol monomethyl eth er
Dim ethylsulfoxide
1,4-D ioxane
Ethyl ace ta te
Ethyl a cetca ceta te
Ethyl a cry la te




Gluconic acid  in  acetone
n-Heptanoic acid  
n-Heptyl a lcoh ol 
-Hydroxys thy 1 ace ta te  
Isoamyl aceta te  
Isoamyl s a l ic y la te  
Isobutanoic acid  
Isob utyl alcoh ol 
Isopropyl alcohol 
Isopropyl propionate 
L actic  acid  
Methyl a ce ta te  
Methyl e th y l ketone 
M ethylmethacrylate 
n-Octanoic acid  
P ic r ic  acid  in  chloroform  
Pyruvic acid
S tearic  acid in  chloroform  
Succinic acid  in  methyl alcoh ol 
V aleric  acid
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when the in te n s ity  of a colored product i s  dim inished. Diverse  
ions being checked for p o ss ib le  in ter feren ce  in  the iro n (III )  
c it r a te  t e s t  could ex h ib it  p o s i t iv e  in ter feren ce  in  two ways.
When p resen t alone in  a sample, they could rea ct with eth ylen e-  
diamine and g iv e  a f a ls e  t e s t  (as normally occurs in  cases of  
p o s it iv e  in te r fer e n c e ) . However, i f  the d iv erse  ion was an 
anion and iron  was present In an actu a l sample, in  some cases  
the iro n  could form a complex w ith  the d iv erse  ion which might 
rea ct w ith  ethylenediamine and s im ila r ly , i f  the d iverse  ion  
was a ca tio n  and c it r a te  was presen t in  an actu al sample, a 
c it r a te  complex might form which would g iv e  reaction  w ith eth y l­
enediamine. Thus, for each ion  capable o f  exh ib itin g  In terferen ce , 
determ inations were run w ith  the ion  a lo n e , w ith the ion  in  the  
presence o f  e ith e r  ir o n (I I I )  or c it r a te  (depending on the charge 
o f  th e d iv erse  io n ) ,  and with the io n  in  the presence o f  the 
ir o n (I I I )  c it r a te  complex. T artrate ion  did not react w ith e th y l­
enediamine, and an ir o n (I I I )  so lu tio n  containing excess ta rtra te  
gave no co lor  change upon a d d itio n  o f  ethylenediam ine. Thus, i t  
appeared that ir o n (I I I )  ta r tr a te  was not an in terferen ce  in  the 
determ ination o f the c it r a te  complex. However, a so lu tio n  con­
ta in in g  equimolar amounts of f e r r ic  and ta r tr a te  ions gave a 
p o s it iv e  t e s t  w ith  ethylenediam ine. A p o ss ib le  explanation fo r  
th ese  observations can be given  in  terms o f the stru ctures o f  
the iron  complexes. Because the coordin ation  number o f ir o n (I I I )  
i s  s ix ,  a complex w ith a 1 :1  r a tio  o f  iron  to ta rtra te  would 
a lso  contain  water m olecules a ctin g  as ligan d s; these could
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
e a s ily  be replaced in  the formation of an addition  product. In 
a so lu tio n  containing excess ta r tr a te , i t  i s  l ik e ly  that the  
ta rtra te  ions occupy a l l  the coordination s i t e s ,  leav in g  no po­
s it io n s  open to a tta ck . Thus, in  order to ensure that the in te r ­
ference study gave v a lid  r e s u lt s ,  i t  was necessary to do a d d ition a l  
in v e st ig a tio n s .
In most in ter feren ce  s tu d ie s , an excess amount o f  the d iverse  
ion i s  used. I t  seemed necessary in  th is  study to check for  
in terferen ce  not only when the d iverse  ion was presen t in  excess  
but when equal amounts o f  the diverse  ion  and the f e r r ic  (or 
c it r a te )  ion  were presen t. The in terferen ce  study was thus ex­
tended to  s ix  determ inations for each io n  capable o f in ter feren ce .  
Determinations were run w ith  the d iverse  ion a lon e , in  the presence 
o f iro n (I I I )  or c i t r a te ,  and in  the presence o f the ir o n (I I I )  
c it r a te  complex; in  each case t e s t s  were run with the amount of  
diverse  ion  equal to  that of the iro n (I I I )  and w ith  the amount 
equal to  100 times that o f the ir o n (I I I ) .
Prelim inary s tu d ie s  showed that both ir o n (I I I )  ta r tr a te  and 
iro n (I I I )  oxa la te  exh ib ited  p o s it iv e  in ter feren ce  when the anion 
was presen t in  the same molar ra tio  as the f e r r ic  io n . A v a r ie ty  
o f techniques was in v estig a ted  in  an e ffo r t  to e lim in ate  these  
in ter feren ces . The r e la t iv e  s t a b i l i t i e s  of the c i t r a t e ,  ta r tr a te ,  
and ox a la te  complexes o f  iron  were considered. Values for the log  
of the s t a b i l i t y  constan ts for the 1:1 iro n (I I I )  complexes o f oxa­
la te ,  ta r tr a te , and c it r a te  are 9 .4 , 1 8 .1 , and 2 5 .0 , r e sp e c t iv e ly .66
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T h eo retica lly , i t  seemed p o ss ib le  to  d ev ise  a method to demask the  
o x a la te  and ta rtra te  complexes w h ile  leav in g  the c itr a te  complex 
unreacted; however, th is  was not accomplished experim entally. 
Gerium(IV) looked promising but could not be used because i t  
replaced the iro n (I I I )  in  the c it r a te  as w ell as the ta rtra te  
complex. S im ilar ly , tetrab orate  demasked the c it r a te  complex 
in  ad d ition  to the ta rtra te  complex. Success was f in a l ly  achieved  
by destroying the ta rtra te  and o xa la te  complexes by adding potas­
sium m etaperiodate which did not rea ct w ith the c it r a te  complex.
The ta r tr a te  and o xa la te  are cleaved by periodate because o f hydroxy 
groups on adjacent carbon atoms; because i t  does not have th is  
stru ctu ra l c h a r a c te r is t ic ,  c it r a te  i s  not destroyed.
When performing the complete in terferen ce  stu dy, the fo llow ing  
procedure was used. To 4 ml o f sample containing 0.4 ml o f  the 
d iv erse  ion  (e ith er  4 0JAg or 4 mg, depending on the t r i a l ) ,  0 .5  ml 
o f hot 51 potassium m etaperiodate and 0 .5  ml of ethylenediamine 
were added. The resu ltin g  so lu tio n  was allowed to s e t  10 minutes 
b efore the absorbance was read a t 360 nm.
The follow ing sp ec ie s  were checked for p o ssib le  in terferen ce:  
K+ , Cu2+, Na+ , Be2+, Mg2+, Ca2+, Zn2+, Cd2+, Ba?+, llg2+, Al3+,
Sn4+, Pb2+, Bi3+, Sb5+, Co2+, Ni2+, CO^” , N03", PO^", SO^- , 
S^O^- , p , Cl” , Br , I  , CN , form ate, o x a la te , and ta rtr a te .
None o f the ind iv idual ions showed any s ig n if ic a n t  p o s it iv e  in te r -
2+  2+feren ce . The so lu tio n s  containing 4 mg of Cu and Ni became 
dark purple and l ig h t  v i o l e t ,  r e sp e c t iv e ly , upon addition  o f e th y l­
enediamine, but the absorbance of each of these so lu tio n s  a t 360 nm
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was low. Several o f the ca tion s reacted w ith  the periodate or the 
ethylenediam ine to form a p r e c ip ita te ;  in  those c a ses , the so lu tio n s  
were centrifu ged and the procedure was continued. In sev era l in ­
sta n ces , when 4 mg o f the d iverse  ion  were p resen t, the absorbance 
of the co n tro l was lowered, probably due to the fa c t  th at most of 
the ethylenediam ine was consumed in  the reaction  w ith the ca tio n .
I t  i s  u n lik e ly  th a t the ca tio n  concentration in  natural waters would 
be th is  high; however, in  the case of an extremely high cation  con­
c en tra tio n , an i n i t i a l  ion  exchange clean-up could be used. This 
technique would be p referab le  to the use o f a la rg e  excess o f  
ethylenediam ine because in  the la t t e r  c a se , cen tr ifu g a tio n  would 
be required , and the so lu tio n  would have a larger  f in a l  volume 
which would reduce the concentration and lower the absorbance read­
in g . The only complex sp ec ie s  e x h ib itin g  s ig n if ic a n t  in terferen ce  
was the c o b a lt( I I )  c it r a te  complex. When presen t in  large  amounts, 
i t  reacted w ith ethylenediam ine to  g iv e  a red so lu tio n  s im ila r  to 
that obtained with the ir o n (I I I )  c i t r a te  complex. I t  i n i t i a l l y  
appeared that th is  in ter feren ce  could be elim inated by the addition  
of hydrogen peroxide to form c o b a lt(I II )  c it r a te ;  however, th is  
did not prove to  be s u c c ess fu l. I t  i s  u n lik e ly  that la rg e  amounts 
of cob a lt would be presen t in  natural w ater. Concentrations of 
1 0 //g /m l of cob a lt c it r a te  can be to lera ted  and concentrations as 
high as 50 ,1/g/ml have low absorbance readings i f  the so lu tio n s  are 
allowed to  s e t  a few m inutes and are centrifu ged  b efore the addition  
o f ethylenediam ine. The cobalt c it r a te  complex i s  broken up through 
the form ation o f  s o lid  cobalt period ate.
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Prelim inary s tu d ies  had shown th at in  the absence o f  c i t r a te ,  
a p r e c ip ita te  formed upon ad d ition  of ethylenediam ine to so lu tio n s  
containing the fe r r ic  io n . Upon cen tr ifu g a tio n , the s o lu tio n  was 
c o lo r le s s .  However, when ir o n (I I I )  was present in  sm all concen­
tr a t io n s , a p r e c ip ita te  did  not form and a so lu tio n  was obtained  
which gave a n oticea b le  absorbance reading. The reading was not 
as la rg e  as that obtained fo r  the same concentration o f the i r o n ( l l l )  
c it r a te  complex but was too high to be to le r a te d . In an e f fo r t  to  
e lim in ate  th is  in te r fer e n c e , severa l a lte r n a tiv e s  were considered. 
Among the methods tr ied  were 1) masking the f e r r ic  ion  w ith  a l i g ­
and which forms a l e s s  s ta b le  iron  ( I I I )  complex than the c it r a te  
complex, 2) reducing the ir o n (I I I )  to  ir o n (I I ) ,  3) ex tra ctin g  
s p e c if ic a l ly  the ir o n (I I I )  c i t r a te  complex, 4) removing the f e r r ic  
ion  through form ation o f a very s l ig h t ly  so lu b le  compound, and 
5) separating the sp e c ie s  through the use o f  ion  exchange. Mask­
ing the f e r r ic  ion  was u n su ccessfu l because ligan d s such as f lu o r id e  
and phosphate which formed a c o lo r le s s  complex w ith ir o n (I I I )  re ­
moved the iron  e ith er  p a r t ia l ly  or com pletely from the c i t r a te  com­
p lex . When hydroxylamine, ascorb ic  a c id , or hydrazine was added 
to reduce the iron  ( I I I ) ,  again the complex was broken up and a l l  
the iron  presen t was reduced; even i f  reaction  co n d itions could 
have been changed enough to  ensure the s t a b i l i t y  o f the complex, 
t h is  method could not have been used because o f  the r e a ctio n  of 
iro n (II )  w ith ethylenediam ine. Solvent ex tra ctio n  was unacceptable  
because no so lv en t was found which would ex tra ct on ly  the complex
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sp ec ies  and n ot the f e r r ic  ion . S o lu b ility  products o f  the s a lt s  
o f ir o n (I I I )  were considered when searching for a p rec ip ita tin g  
agent fo r  iro n . Of the many compounds tr ie d ,  none d istin gu ish ed  
between minute amounts o f the fe r r ic  ion  and the f e r r ic  c it r a te  
complex; those forming p r e c ip ita te s  w ith  sm all amounts o f  iro n (I I I )  
reacted in  both the presence and absence o f c it r a te .  Thus, a 
method employing ion exchange seemed to  be the most p r a c tic a l.
Funnel tubes were used as columns. A sm all p iece  o f cotton  
was used to  plug the drain of each funnel tube. Several grams o f  
r e sin  were placed in  a beaker and covered w ith d i s t i l l e d  water.
The wet r e s in  was then poured in to  the column and was washed sev­
era l tim es b efore the t e s t  so lu tio n  was added. Several d iffe r en t  
cation  exchange re sin s  were tr ie d . Some were unacceptable because 
a resid ue from the ion  exchange re sin  caused the so lu tio n  passing  
through th e column to  be colored even when only d i s t i l l e d  water 
was used. Other r e s in s  were un su itab le  because the absorbance o f  
the con tro l was lowered considerably when the ir o n (I I I )  c itr a te  
complex was allowed to  flow  through the column. Acceptable r e su lts  
were obtained when the sodium form of the Rohm and Haas, Amberlite 
IR-120, r e s in  was used. Table 5 shows that good separation  can be 
achieved by the use o f ion exchange.
Nature o f the Ir o n (III )  C itra te  Complex
Ir o n (III )  c it r a te  complexes e x is t in g  in  d ilu te  so lu tio n s  have 
been stu died  by t it r im e tr ic ,  photom etric, conductom etric, p o ten tio -  
m etric , polarographic and co lo r im etr ic  methods. The experimental




Experimental con d ition s: Reaction time -  15 minutes
N ickel concentration* -  100 ppm 
Iron concentration -  100 ppm 
F erric  c it r a te  concentration -  20 ppm
Absorbance
Blank .020
Blank (a fte r  going through r e s in )  .025
N ickel (a fte r  going through r e s in )  .017
Iron (a fte r  going through r e s in )  .166
Iron (a fte r  going through r e s in  twice**) .075
Ferr ic  c it r a te  (con tro l) .544
Ferr ic  c it r a te  (a fter  going through r e sin  tw ice) .478
Note 1: Nickel was used to  represent a ty p ic a l c a tio n .
**Note 2: I f  a sm aller concentration  o f iron  had been used , a
second e lu tio n  would have been unnecessary.
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r e su lt s  Indicate  th a t severa l d iffe r e n t  complexes can be formed.
In so lu tio n s  containing excess trisooluni c i t r a te ,  complexes with 
a m etal to ligand r a t io  o f 2:3 have been reported, and 3:2 com­
p lexes have been found in  so lu tio n s  contain ing an excess o f the 
fe r r ic  io n . Conductometric experiments w ith trisodium  c it r a te  
suggest the ex is ten ce  o f a 5:4 complex. The same study showed
th at when c i t r ic  acid  was used instead  o f  the s a l t ,  the molar
59r a tio  between iron  ( I I I )  and the organic ra d ica l was 3 :2 . A 
more recen t study**7 d isc lo se d  th at a complex w ith a 1:1 m etal to  
ligand r a tio  was formed when iron  ( I I I )  and c i t r ic  acid  were 
mixed. These stu d ies  appear to  g ive c o n f lic tin g  r e s u lt s .
However, many fa c to r s  such as pH, concentration  o f  m etal io n ,  
concentration of lig a n d , and the presence o f other sp ec ie s  caus­
ing competing rea ctio n s in flu en ce  complex form ation, and d iffe r e n t  
con d ition s favor the formation o f one sp e c ie s  over o th er p o s s ib il ­
i t i e s .  The con d ition s under which complexes are stu d ied  in  the 
laboratory u su a lly  vary g rea tly  from those e x is t in g  in  natural 
waters. The concentration s o f complexes occurring in  most natural 
waters are extremely low. The chem istry of such d ilu te  so lu tio n s  
i s  complicated and cannot always be pred icted  from experimental 
s tu d ie s . As in d icated  above, sev era l d if fe r e n t  iron  c it r a te  com­
p lexes have been id e n tif ie d ;  hence, i t  i s  probable th a t a m ixture 
o f  these complexes a c tu a lly  e x is t s  in  natural waters containing  
both f e r r ic  and c i t r a te  io n s .
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Attempts to ch aracterize  the complexes present In the so lu tio n s  
used throughout th is  study by means o f  e ith e r  Job's Method of Con­
tinuous V ariations6** or the m od ifica tion  o f Vosburg and Cooper69 
gave in conclu sive  r e s u lt s .  Because the. success of the procedure 
was not dependent on the knowledge o f the actu al complex p resen t, 
fu rth er attempts to ch aracter ize  the sp e c ie s  were not pursued.
In preparing standard ir o n (I I I )  c it r a te  so lu tio n s , the m etal 
to  ligand  r a tio  which should have been used was that corresponding 
to the actu al composition o f the ir o n (I I I )  c it r a te  complexes occur­
ring in  natural w aters. Because the complexes which a c tu a lly  e x is t  
in  natural waters were not known, a choice  for the m etal to  ligand  
ra tio  o f  the standard so lu tio n s  had to be made. An experim ental 
in v e st ig a tio n  was ca rried  out to  determine the optimum ra tio  to  use  
in  t h is  study. Complexes w ith  varying iron  to c itr a te  r a tio s  were 
prepared. In each c a se , the iro n  concentration remained constan t.
To 5 ml of each complex, 1 ml o f  ethylenediamine was added and 
a fte r  10 m inutes, the absorbance was read a t  350 nm, The re su lts  
are shown in  Table 6. From the ta b le  i t  can be seen th at the av­
erage value o f the absorbance i s  c lo se r  to the absorbance of the 
1:1 complex than to  th at o f  any o th er. The absorbance of the 1:1 
complex i s  a lso  the median o f the seven absorbance v a lu e s . Regard­
le s s  o f  the nature o f the ir o n (I I I )  c it r a te  complexes present in  
actu al samples, the error which could enter in to  a determ ination  
by constructing a ca lib r a t io n  curve fo r  which standards having a 
molar ra tio  of 1:1 would be sm all. Throughout the r e s t  o f the study, 
the complex having a 1 :1  iron  to c it r a te  r a tio  was used.
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TABLE 6 
METAL TO LIGAND RATIO
Iro n (III )  concentration -  20 ̂ fg/ml








Mean absorbance valu e » .622
Standard d ev ia tio n  «• ..0253
Standard d ev ia tio n  of the mean = .00957
I
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O ptim ization o f Conditions
In order to  determ ine the optimum amount of each chemical 
used, a l l  con d ition s were kept con stan t excep t the parameter 
being stu d ied . Because the purpose o f  the period ate was to  
e lim in ate  ta r tr a te  in te r fer e n c e , the amount o f  period ate  cor­
responding to the low est absorbance reading due to ir o n (I I I )  
ta r tr a te  i s  the desired  amount. At the same tim e, the absorb­
ance o f th e  ir o n (I I I )  c i t r a te  should not be decreased by the  
presence o f  the p er iod ate . Potassium m etaperiodate was used 
in  the i n i t i a l  s tu d ie s ;  however, i t s  low s o lu b il ity  in  co ld  
water made i t  und esirable  fo r  rou tin e  work, and sodium meta­
period ate which i s  re a d ily  so lu b le  in  cold water was used in  
the remainder o f the work. The amount o f ethylenediam ine 
corresponding to maximum absorbance fo r  both the 10 ppm and 
the 50 ppm iron  c i t r a t e  so lu tio n s  was 0 .5  m l. R esu lts o f  the 
study are g iven  in  Table 7 .
Rate o f  Color Development
I t  was d es ira b le  to  fin d  the minimum time necessary for  
complete co lo r  development. To 5 ml o f a 10 ppm sample of 
ir o n (I I I )  c i t r a te ,  0 .5  ml o f  5% sodium m etaperiodate and 0 .5  ml 
o f ethylenediam ine were added. The f i r s t  absorbance reading 
was taken one h a lf  minute a f te r  the ad d ition  of ethylenediam ine. 
Readings were taken a t  one h a lf  minute in te r v a ls  fo r  the f i r s t  
40 m inutes and then increased  to f i v e ,  ten , f i f t e e n ,  and twenty 
minute in te r v a ls  as time progressed . As Figure 10 in d ic a te s , the




Experimental con d ition s: Reaction time -  10 minutes
Wavelength -  350 ran
Sodium M etaperiodate
Amount o f ethylenediamine -  .5  ml 
Concentration o f f e r r ic  c it r a te  -  50 ppm 
Concentration o f f e r r ic  ta rtr a te  -  20 ppm 
Absorbance o f f e r r ic  ta rtra te  -  .570
Amount o f 1%
NalO Added to
F err ic  Tartrate Absorbance
Amount o f  5% 
NalO, Added to  
F erric  Tartrate
.10  ml 
.25 ml 







.25  ml 
.50  ml 





E ffec t  o f  sodium m etaperiodate on fe r r ic  c it r a te  
Absorbance
F erric  c it r a te
w ith  .25 ml 5% NalO. 





Amount o f  5% sodium metaperiodate -  .5  ml
10 ppm F erric C itra te  Absorbance 50 ppm Ferric  C itra te  Absorbance
.10 ml .266
.25 ml .310 .25 ml 1.221
.50 ml .312 .50 ml 1.258
.75 ml .308 .75 ml 1.240
1.00 ml .294 1.00 ml 1.190
1.25  ml .279 1.25 ml 1.192
1.50  ml .300 1.50 ml 1.180
1.75 ml .295 1.75 ml 1.181
2.00 ml .264 2.00 ml 1.150
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absorbance d id  not a c tu a lly  reach a constan t value fo r  one hour. 
However, a w aitin g  period o f  one hour i s  im practical in  many in ­
stan ces; a f te r  18 minutes the absorbance value was w ith in  0.013 
o f the f in a l  value and remained f a ir ly  constant fo r  f iv e  minutes. 
Thus, an in te r v a l o f 20 m inutes was chosen as the minimum time 
period fo r  co lor  development. The co lor  develops much fa s te r  and 
i s  s l ig h t ly  more In ten se when sodium m etaperiodate i s  absent; 
thus, i f  samples are being run which do not contain  ta r tr a te  or 
o x a la te , the period ate  should be om itted.
Recommended Procedure
To a 5 ml sample, add 0 .5  ml o f  5% sodium m etaperiodate 
and 0 .5  ml of ethylenediam ine. A fter 20 m inutes read the absorb­
ance a t 350 nm.
Formation o f a p r e c ip ita te  upon ad d ition  o f ethylenediamine 
i s  an in d ic a t io n  of a high ca tio n  concentration . In  such ca ses ,  
an i n i t i a l  io n  exchange step  should be included . This would 
a lso  be necessary i f  the procedure were used fo r  w aters contain­
ing no c it r a te  and trace q u a n titie s  o f  iron ; however, i t  i s  an­
t ic ip a te d  th a t the method would be used only fo r  waters contain­
ing c it r a te .
C a lib ra tio n  Curve
Standard so lu tio n s containing from 0 .1  to  50 /jg/m l iro n (I I I )  
c it r a te  were prepared by making appropriate d ilu t io n s  o f the 
stock  so lu tio n . The recommended procedure was applied to each 
so lu tio n . A p lo t of corrected absorbance versu s concentration
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i s  g iven  in  Figure 11. The absorbance o f  Che blank was 0 .010 .
Using tw ice th is  value as the l im it  c-f d e tec tio n , the procedure 
i s  capable of detectin g  0 .3  ̂ ig/ml o f  the iron  (I I I )  c i t r a te  com­
p lex . Beer's Law i s  obeyed In the concentration  range 0 .3  -  
14 jjig/m l.
R eprodu cib ility
The rep rod ucib ility  o f the method i s  q u ite  good. When the 
procedure i s  applied to d iffe r e n t  samples o f the same con centration , 
the same absorbance reading i s  obtain ed . Table 8 i l lu s tr a t e s  the  
rep ro d u c ib ility  for  two d iffe r e n t  v a lu es o f  the ir o n (I I I )  c it r a te  
concentration .
R e l ia b il ity
In order to check the r e l i a b i l i t y  o f the procedure, sev era l  
iro n (I I I )  c itr a te  so lu tio n s were prepared; the concentration of 
each so lu tio n  was determined according to the recommended proce­
dure using the ca lib ra tio n  curve in  Figure 10. Table 9 g iv es  
a comparison of the observed valu es w ith  the actu a l v a lu es.
Summary
The spec tropho tome t r i e  method proposed here for the determin­
a tio n  o f the c itr a te  complex o f  iro n (I I I )  i s  su ita b le  for water 
q u a lity  stu d ies . The s e n s it iv i t y  i s  h igh enough fo r  tra ce  an a ly sis  
work; however, the l im it  o f d e tec tio n  could be lowered by in creas­
ing the length o f the l ig h t  path. The procedure i s  sim ple and
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The experim ental con d itions In  the recommended procedure 
were used.
Absorbance Values fo r Absorbance Values for








10 ppm 25 ppm
Mean absorbance va lue .328 .729
Standard d ev ia tion .00212 .GG1GG
Standard d ev ia tio n  o f the mean .00103 .00048?













.142 4 .0  ppm 4 .2  ppm 5.0%
.284 8 .0  ppm 8 .3  ppm 3.8%
.402 12 .0  ppm 11.8  ppm 1.7%
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easy to  perform. The r e s u lt s  are reproducible and r e l ia b le .  
In terferen ces which would be s ig n if ic a n t  in  water q u a lity  s tu d ie s  
have been elim inated .
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CHAPTER 4
CONCLUSION
Suggestions fo r  F u r th e r  Study
Several problems a re  proposed in  th e  d i s s e r ta t io n  which 
could be of i n te r e s t ,  p a r t i c u la r ly  to  th e  in o rg an ic  chem ist.
The method described  h ere  f o r  th e  d e te rm in a tio n  of i ro n ( I I I )  
c i t r a t e  does not d i f f e r e n t ia t e  between th e  p o s s ib le  c i t r a t e  
complexes of i ro n . A lso, th e  r e a c t io n  p roduct o f e th y len e­
diam ine w ith  th e  i r o n ( I I I )  c i t r a t e  complex has n o t been char­
a c te r iz e d .  Although n e ith e r  o f  th ese  s tu d ie s  i s  necessary  
a n a ly t ic a l ly ,  both would prov ide  v a lu a b le  in fo rm a tio n .
The most e x c itin g  and s ig n i f ic a n t  a re a s  fo r  f u r th e r  study 
a re  in  th e  development of t e s t s  fo r  o th e r  l ig a n d s  and complex 
sp e c ie s .  The p o s s ib i l i t i e s  a re  p r a c t ic a l ly  u n lim ite d . Not only 
fluo rom etry  an d . spectrophotom etry b u t gas chrom atography, p o la r -  
ography, anodic s tr ip p in g  voltam m etry , and s p e c i f ic  ion  e le c tro d e  
po ten tiom etry  appear prom ising.
Sampling and p rese rv a tio n  o f samples m ust tak e  on a new 
dimension as work p ro g resses  on th e  d e te rm in a tio n  o f  complexes
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in  n a tu ra l  w a te rs . Samples a re  o f te n  s to re d  under h ig h ly  a c id ic  
co n d itio n s  i f  th ey  a re  to  be used f o r  m eta l a n a ly s is .  Many 
complexes which, a re  s ta b le  under th e  n a tu ra l  c o n d itio n s  o f  th e  
lak e  o r  stream  would be d estro y ed  by low ering  the  pH to v a lu es  
norm ally  used in  th e  p re s e rv a tio n  o f sam ples. Complex e q u i l i b r i a  
must be considered  in  sam pling and p re s e rv a tio n  as w ell as  in  
th e  a c tu a l  d e te rm in a tio n  o f  complexes in  n a tu r a l  w a te rs .
S ig n if ic a n c e  o f  th e  P re se n t  Study
The re s e a rc h  d e sc r ib ed  in  t h i s  d i s s e r ta t io n  i s  a p p lic a b le  
to  immediate problem s o f p re s s in g  concern . An example i s  th e  
u rg en t need to  e lim in a te  o ccu rren ces  o f th e  Red T ide . M arine 
b io lo g is t s  w i l l  now be a b le  to  determ ine w hether c i t r a t e  and i t s  
i r o n ( I I I )  complex a re  a c tu a l ly  p re s e n t  in  a re a s  where the  Red 
Tide o ccu rs  and* i f  so , w hether th e re  i s  a c o r r e la t io n  betw een 
th e  c o n c e n tra tio n  o f i r o n ( I I I )  c i t r a t e  and th e  occurrence o f 
th e  Red T ide. I f  th e re  i s  a p o s i t iv e  c o r r e la t io n ,  the  problem 
o f th e  Red Tide could be c o n tro l le d  sim ply be demasking th e  
i r o n ( I I I )  c i t r a t e  complex.
The a n a ly t ic a l  d e te rm in a tio n  o f a complex sp ec ie s  has 
opened up an e n t i r e l y  new f i e l d  o f s tu d y . I f  1971 Chau, i n  
d isc u ss in g  how. to  d i f f e r e n t i a t e  between m eta ls  in  th e  " f re e "  
hydrated  io n ic  form s and in  complexed forms by p o laro g rap h ic  
tec h n iq u e s , s ta t e d ,  "To id e n t i fy  th e  lig a n d s  w ith  which th e
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m etal i s  complexed i s  an ex trem ely  d i f f i c u l t  t a s k ,  e s p e c ia lly  
in  th e  n a tu ra l  w ater system s co n ta in in g  a v a r i e ty  o f o rg an ic  
compounds, although  i t  i s  th e  f i n a l  goal which we a l l  would 
l ik e  to  see  a c h ie v e d ." ^
Although th i s  study has b a re ly  opened th e  door to  th e  v a s t  
p o s s ib i l i t i e s  in  th e  f i e l d  o f a n a ly t ic a l  d e te rm in a tio n  o f com­
p lex e s , i t  i s  hoped th a t  i t  w i l l  s tim u la te  o th e rs  to  e n te r  t h is  
re se a rc h  f r o n t i e r .
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